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Laboratory experiments simulating electron cyclotron masers in space
The study of kinetic instabilities of the electron cyclotron family driven by anisotropic velocity distributions is important, as these instabilities occur in many situations and in particular there are many examples of their occurrence in space plasmas.
There is a well-established and very successful programme of research on this topic at IAP, Nizhny Novgorod [1] . Some of the series of publications from the IAP group are cited in a helpful recent publication by Shalashov et al. [2] . At the University of Strathclyde in Glasgow there has also been continuing interest in this subject for several years [3] [4] [5] [6] [7] [8] [9] [10] [11] . In this paper some of the results from laboratory experiments carried out at the University of Strathclyde are presented reproducing non-thermal cyclotron radio emission mechanisms associated with the Earth's auroral region, known as Auroral Kilometric Radiation (AKR). Similar mechanisms are thought to be responsible for some of the cyclotron emissions observed from more distant astrophysical environments.
These experiments were designed and carried out to benchmark PiC simulations of the non-linear, plasma mediated, beam wave interactions associated with the generation of Auroral Kilometric Radiation. A plasma column (20 cm to 1 m in length) was required inside a cylindrical waveguide having a diameter ~5 cm. This tightly constrained the dimensions allowed for the plasma source. To meet this constraint, two Penning-discharge configurations were designed. The electrons in a Penning discharge are insulated from the cylindrical anode (the waveguide) as it is linked by a magnetic field whilst the ends of the anode cylinder are closed by cathode electrodes, providing extended electron path lengths, allowing the discharge to be maintained at low pressures (~10 -3 mB). When a bias of a few kV was applied to the anode, the discharge ignited, establishing the plasma column. Up to a few 10's mA were provided to the discharge in either a partially-modulating or continuous mode. The plasma density at the end of the column was inferred by observing the spectrum of plasma oscillations using a spectrum analyser connected to a small electric dipole antenna polarised along the bias magnetic field, thus avoiding problematic interpretation of the Langmuir probe IV trace caused by the strong magnetic field. The plasma density inferred at the end of the trap was found to vary with discharge current: 1 × 10 15 m -3 for ~3 mA discharge current in a 20cm-long trap and 1 × 10 16 m -3 for a 20 mA current in a 1m-long trap.
To support this estimate of the plasma density at the end of the 1m long plasma, and to determine the density averaged along the plasma column, an interferometric technique was implemented using a chirping microwave signal around 9.5 GHz and simultaneously measuring the phase shifts in the R and L circularly polarised TE 11 modes using a vector network analyser over a wide range of currents. At 20 mA the average density was estimated to be approaching ~4 × 10 16 m -3
. Numerical PiC simulations carried out in previous research have helped to confirm the instability leading to the emissions is driven by a horseshoe electron velocity distribution. Fig. 2 and have also been able to simulate the wave production in an unbound environment [10] representative of the magnetosphere, as shown in Fig. 3 . Some of these experiments and simulations have revealed that the instability has a significant negative axial wavenumber (backward wave component) [10, 11] . The backward wave character of the emission is evidenced by an oblique wave front propagation angle with respect to the axis of the system. The magnitude of the negative axial wavenumber reduces with increasing energy spread.
